Kv3 channels are thought to be essential for the fast-spiking (FS) phenotype in GABAergic interneurons, but how these channels confer the ability to generate action potentials (APs) at high frequency is unknown. To address this question, we developed a fast dynamic-clamp system (Ϸ50 kHz) that allowed us to add a Kv3 model conductance to CA1 oriens alveus (OA) interneurons in hippocampal slices. Selective pharmacological block of Kv3 channels by 0.3 mM 4-aminopyridine or 1 mM tetraethylammonium ions led to a marked broadening of APs during trains of short stimuli and a reduction in AP frequency during 1 sec stimuli. The addition of artificial Kv3 conductance restored the original AP pattern. Subtraction of Kv3 conductance by dynamic clamp mimicked the effects of the blockers. Application of artificial Kv3 conductance also led to FS in OA interneurons after complete K ϩ channel block and even induced FS in hippocampal pyramidal neurons in the absence of blockers. Adding artificial Kv3 conductance with altered deactivation kinetics revealed a nonmonotonic relationship between mean AP frequency and deactivation rate, with a maximum slightly above the original value. Insertion of artificial Kv3 conductance with either lowered activation threshold or inactivation also led to a reduction in the mean AP frequency. However, the mechanisms were distinct. Shifting the activation threshold induced adaptation, whereas adding inactivation caused frequency-dependent AP broadening. In conclusion, Kv3 channels are necessary for the FS phenotype of OA interneurons, and several of their gating properties appear to be optimized for high-frequency repetitive activity.
Introduction
GABAergic interneurons in the mammalian cortex are able to generate action potentials (APs) at a very high frequency both in vitro (for review, see Connors and Gutnick, 1990) and in vivo (Ylinen et al., 1995; Jones et al., 2000) . Two major lines of evidence suggest that sustained fast spiking (FS) is primarily conferred by delayed rectifier K ϩ channels assembled from subunits of the Kv3 family (Rettig et al., 1992; Jan and Jan, 1997; Rudy and McBain, 2001) . The first argument is the striking correlation between the expression of Kv3.1 and Kv3.2 subunits and the FS phenotype throughout the CNS (Du et al., 1996; Martina et al., 1998; Atzori et al., 2000; ; for review, see Rudy and McBain, 2001) . The other piece of evidence is that the FS phenotype is severely impaired by the pharmacological block of Kv3 channels with either 4-AP or TEA (Martina et al., 1998; .
However, there are several difficulties with the hypothesis that Kv3 is the main determinant of the FS phenotype. First, the correlation between Kv3 expression and function is not absolutely strict, because some apparently non-FS cell types express Kv3 subunits Betancourt and Colom, 2000) . This could suggest that Kv3 is necessary but not sufficient for FS. Second, the genetic ablation of single Kv3 subunits, especially Kv3.1 and Kv3.3, leads to small changes in AP frequency and relatively mild behavioral phenotypes (Ho et al., 1997; Lau et al., 2000; Espinosa et al., 2001) . This is surprising if Kv3 channels had a key role in FS, but may be explained by genetic redundancy (Martina et al., 1998; Espinosa et al., 2001; Porcello et al., 2002) . Finally, the conclusion that a single type of conductance is of critical importance for the FS phenotype in interneurons is in apparent contrast to the current view on how characteristic AP patterns are generated in other types of neurons. In one model, the AP pattern is determined primarily by somatodendritic morphology (Mainen and Sejnowski, 1996) . In another model, the AP pattern is generated by specific combinations of different conductances rather than a single conductance (Foster et al., 1993; Goldman et al., 2001) . The relative importance of these different factors for FS in interneurons remains unclear.
To examine whether Kv3 channels are necessary and sufficient for FS and to identify the relevant gating properties, we sought to develop alternatives to the strategy of pharmacological or genetic elimination. We formulated a Hodgkin-Huxley (HH)-type model that accurately describes the gating of Kv3 channels in oriens alveus (OA) interneurons, a neuron type that generates APs at high frequency during depolarizing stimuli (Zhang and McBain, 1995a,b) . We developed a fast dynamic-clamp system (Ϸ50 kHz) that allowed us to add this model conductance to real neurons (Sharp et al., 1993; Ma and Koester, 1996) . Finally, we used this technique to determine quantitatively the functional impact of Kv3 channels in OA interneurons. The advantage of this approach is that it combines the realism of electrophysiological recordings with the flexibility and systematic nature of computational approaches.
Materials and Methods
Patch-clamp recording from OA interneurons in hippocampal slices. Transverse hippocampal slices of 300 m thickness were cut from the brains of 17-to 22-d-old Wistar rats using a vibratome (Dosaka, Kyoto, Japan). Animals were killed by decapitation in agreement with national and institutional guidelines. Experiments were performed under visual control using infrared differential interference contrast videomicroscopy (Stuart et al., 1993; . Interneurons with horizontal dendrites in stratum oriens alveus in the CA1 subfield were identified using the criteria reported previously (Martina et al., 2000; . Only neurons with initial resting potentials more negative than Ϫ55 mV were accepted. The recording temperature was 21-24°C.
Recording from nucleated patches. Nucleated patch recordings were made as described previously (Martina and Jonas, 1997; Martina et al., 1998; , using an Axopatch 200A amplifier or a Multiclamp 700A amplifier (Axon Instruments, Foster City, CA). Signals were low-pass filtered at 5 or 6 kHz (four-pole Bessel), and sampled at 10 or 20 kHz. A 1401plus interface-personal computer (PC) system (Cambridge Electronics Design, Cambridge, UK) was used for stimulus generation and data acquisition. Nucleated patches were held at Ϫ90 mV. Pulse sequences were generated by homemade programs. Leakage and capacitive currents were subtracted on-line using a "P/-4" procedure (Martina and Jonas, 1997) . Pulse sequences were applied every 4 -10 sec. Kv3 current components were isolated pharmacologically by subtracting traces in the presence of either 0.3 mM 4-AP or 0.5-1 mM TEA from traces in the absence of blockers.
Analysis of nucleated patch data. To take the effects of low-pass filtering into account, current traces were shifted by Ϫ100 sec (Ϸ340 sec divided by corner frequency) against the pulse sequence. To determine the activation time constant, K ϩ currents during test pulses were fitted with an exponential function A [1 Ϫ exp(Ϫ[t Ϫ ␦]/ act )] for t Ն ␦, where A is the current amplitude, act is the activation time constant, and ␦ is a delay. Exponential functions without a delay and high-power exponentials A [1 Ϫ exp(Ϫt/ act )] a (a ϭ 2, 3, or 4) were also tested but in most cases gave worse fits to the data. To determine the deactivation time constant, tail currents after test pulses were fitted with an exponential function A exp(Ϫt/ deact ) ϩ B, in which deact is the deactivation time constant and B represents an offset. Data points Յ200 sec after the voltage step were excluded from the fit. Fitting was made using homemade programs or Mathematica 4.1 (Wolfram Research, Champaign, IL), using nonlinear least-squares algorithms.
Activation curves were determined by two alternative methods. First, chord conductance was calculated from the outward current in 2.5 mM external [K ϩ ], assuming ohmic behavior and a reversal potential of Ϫ95 mV (Martina et al., 1998) . Second, activation curves were obtained directly by plotting the amplitude of the inward tail current in 25 mM external [K ϩ ] (amplitude of the fitted exponential 300 sec after the voltage step) against the voltage of the conditioning pulse. In both cases, data were normalized to the respective mean at 50 -70 mV.
Description of Kv3 channel gating with an HH-type model. When modeling the gating of Kv3 in OA interneurons, two observations had to be accounted for. First, activation and deactivation time constants were very similar when measured at the same potential (Ϫ10 to 10 mV). Second, activation occurred with a mean delay of Ϸ0.3 msec, which was relatively independent of voltage. We therefore used a modified HH-type model with a single "gating particle" and a delay in activation that accounts for transitions between closed states. This model described the data adequately (see Fig. 1 E,F ) . In contrast, the original HH model with four gating particles implies that the deactivation is up to four times faster than the activation at the same potential (Hille, 2001) .
The activation rate ␣ was represented by the following equation:
The deactivation rate ␤ was described by the following equation:
where a-e describe the values of the rates and their voltage dependence, respectively (Hodgkin and Huxley, 1952) . The steady-state activation parameter was obtained as n ϱ ϭ ␣/(␣ ϩ ␤), and the activation time constant as ϭ (␣ ϩ ␤) Ϫ1 . The parameters a-e were then varied to minimize the total sum of squares of differences between the model and all experimental data using the FindMinimum procedure of Mathematica. Weight factors were set arbitrarily according to the expected precision in the experimental estimates. The best fit of the experimental data was obtained with a ϭ 0.0189324 msec Ϫ1 , b ϭ Ϫ4.18371 mV, c ϭ 6.42606 mV, d ϭ 0.015857 msec Ϫ1 , and e ϭ 25.4834 mV. Fast dynamic-clamp system. To add artificial K ϩ conductance to real neurons, a fast dynamic-clamp system was developed (Sharp et al., 1993; Ma and Koester, 1996 ) (see Fig. 2 B) . The system consisted of a digital signal processor (DSP) board (60 MHz, Texas Instruments TMS320C32; Innovative Integration, Westlake Village, CA). Both the analog-digital converter (ADC, 16 bit; conversion time, Ͻ10 sec; anti-aliasing filter set to corner frequencies, Ͼ100 kHz) and the digital-analog converter (DAC, 16 bit; output bandwidth, 200 kHz) were optimized for speed. The DSP board was inserted into a PC and driven by a homemade program written in C and compiled using a Texas Instruments C compiler for the TMS320C3x processor family.
During initialization of the DSP board, tables of ␣( V) and ␤( V) were generated for the channel model (at 0.1 mV resolution) and stored in the static random-access memory of the board. In the dynamic-clamp mode, the voltage of the cell ( V) was read from the ADC, and the corresponding values of ␣( V) and ␤( V) were obtained by linear interpolation from the tables. n ϱ was calculated as ␣/(␣ ϩ ␤), and was calculated as (␣ ϩ ␤) Ϫ1 . To implement the delay of activation ␦, ␣ was taken from a history table at the time point t Ϫ ␦; ␦ was assumed to be 0.3 msec throughout. For each time step ⌬t, the activation parameter (n) was updated as follows:
Finally, the K ϩ current was calculated as follows:
where G max is the maximal K ϩ conductance and V K is the assumed reversal potential (Ϫ95 mV throughout). The calculation was performed in a timer-and interrupt-driven procedure, using the commands enableclock, installintvector, and enableinterrupt of the Innovative Integration PCI32C language supplement library. The dynamic-clamp system was run at a frequency of Ϸ50 kHz (i.e., ⌬t Ϸ20 sec).
In some dynamic-clamp experiments, gating properties were altered compared with the original Kv3 channels. First, the deactivation time course was changed by multiplying Ϫ1 ( V) by a constant factor f ␤ (0.1-10) for n ϱ Ϫ n(t) Ͻ 0. This strategy leads to a selective change in deactivation kinetics without any influence on activation kinetics. Second, the voltage dependence of both n ϱ ( V) and ( V) was shifted by a constant offset (Ϫ10 to Ϫ30 mV). Third, an inactivation process was implemented by multiplying the right side of Equation 4 by the inactivation variable h. The time constant of inactivation onset was 30 msec, the time constant of recovery was 1 sec (Geiger and Jonas, 2000) , and the steadystate inactivation parameter (h ϱ ) was represented by a Boltzmann function with a midpoint potential (V 1/2 ) of Ϫ78.5 mV and a steepness factor of 6 mV . h ϱ was normalized to the value of h at Ϫ70 mV to keep constant the number of available K ϩ channels at rest. The accuracy of the dynamic-clamp system was verified by applying voltageclamp pulse protocols to the system (see Fig. 2C ).
In a separate set of dynamic-clamp experiments, we varied the value of ␦ between 0 and 1 msec. This change led to a slight alteration of the shape of the AP but gave very similar results for AP frequency. In another set of measurements, we implemented a serial multistate model with three closed states and one open state, linked by exponentially voltagedependent rates. This model gave results very similar to those of the HH-type model, but it was more difficult to alter individual gating properties selectively .
Addition and subtraction of Kv3 conductance. For dynamic-clamp experiments, a Multiclamp 700A amplifier (Axon Instruments) was used based on the voltage-follower principle (specified rise time, Ͻ10 sec) (Magistretti et al., 1998) . To avoid series resistance (R S ) artifacts, dual current-clamp whole-cell recordings were made, allowing us to separate the current-feeding from the voltage-recording electrode (Roth and Häusser, 2001) . Patch pipettes were pulled from borosilicate glass tubing (2.0 mm outer diameter; 0.5 mm wall thickness) and heat-polished before use. The pipette resistances ranged from 2 to 4 M⍀. Both pipettes were positioned at the soma (distance between tips, Ϸ20 m). Cells were held at Ϫ70 mV during the experiment; in some recordings (especially in the presence of blockers) a hyperpolarizing current was injected (10 -50 pA). Pipette capacitance was compensated for both pipettes, using values slightly lower than those determined previously in the cell-attached configuration (5.5-7.5 pF). R S was compensated every 5-10 min using the automatic bridge balance (readouts after compensation were 7-10 M⍀ for the current-feeding electrode and 7-15 M⍀ for the voltage-recording electrode). The output signal of the amplifier was filtered by the internal four-pole Bessel filter at 24 kHz and fed directly into the ADC of the DSP card. Additionally, the signal was filtered by an external eight-pole lowpass Bessel filter at 10 kHz (Frequency Devices, Haverhill, MA) and recorded by the 1401plus interface-PC system at a sampling frequency of 20 kHz.
For the addition of conductance after pharmacological block (rescue experiment; see Fig. 3 ), G max was increased from 10 to 200 in 10 nS steps, and the smallest G max that gave Ͼ95% restoration of the half-duration of the 10th AP in a 50 Hz train was chosen for subsequent recordings, unless specified differently. For the subtraction of conductance (see Fig. 4 ), G max was changed from Ϫ10 to Ϫ110 in Ϫ10 nS steps. Care was taken to avoid oversubtraction, which tends to destroy the recording by positive feedback loops (Sharp et al., 1993; Ma and Koester, 1996) . After the subtraction experiment, 4-AP or TEA was applied, and the G max value that gave the closest mimicry of the blocker effects on the 10th AP was chosen for subsequent analysis.
Analysis of dynamic-clamp data. The maximal rate of rise dV/dt max was determined from the largest voltage difference between adjacent sample points in the AP rising phase. The AP amplitude was measured as the difference between the resting potential before stimulation and the peak. The AP half-duration was quantified as the time difference between the points at which the amplitude of the AP was half-maximal. The mean AP frequency was determined as the total number of APs divided by the duration (1 sec) of the current pulse. The interspike intervals (ISIs) were determined from the time differences between the peaks of two consecutive APs. The instantaneous AP frequency was calculated as the inverse of a given ISI. Operationally, we define FS as the ability of a cell to generate trains of APs with a mean frequency of ϳ30 Hz and little accommodation during 1 sec current pulses (McBain and Fisahn, 2001; . The coefficient of variation (CV) of ISIs was calculated as SD divided by mean. AP patterns were analyzed using homemade programs.
Solutions and chemicals. Slices were superfused with a physiological extracellular solution containing (in mM): 125 NaCl, 25 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 2 CaCl 2 , 1 MgCl 2 , and 25 glucose. The 25 mM [K ϩ ] solution contained (in mM): 102.5 NaCl, 25 NaHCO 3 , 25 KCl, 1.25 NaH 2 PO 4 , 2 CaCl 2 , 1 MgCl 2 , and 25 glucose. Both solutions were equilibrated with 95% O 2 and 5% CO 2 . The K ϩ channel blockers 4-AP (Sigma, St. Louis, MO) and TEA (Merck, Darmstadt, Germany) were applied externally via bath superfusion. Recording pipettes were filled with an internal solution containing (in mM): 120 K-gluconate and 20 KCl (in the majority of whole-cell recordings) or 140 KCl (in all nucleated patch experiments and some whole-cell recordings), 10 EGTA, 2 MgCl 2 , 2 Na 2 ATP, and 10 HEPES, pH adjusted to 7.3 with KOH. In the majority of experiments, 0.3-0.5% biocytin was added to visualize cell morphology . In 7 of 18 cells filled, the axon could be traced to the stratum lacunosum-moleculare. In 11 of 18 cells, the staining ended in the stratum radiatum, pyramidale, or oriens, presumably caused by the cutting of the axon or insufficient filling. Chemicals were obtained from Merck, Sigma, Riedel-de-Haën (Seelze, Germany), Gerbu (Gaiberg, Germany), or Molecular Probes (Eugene, OR).
Conventions. Data are reported as mean Ϯ SEM; error bars in the figures also represent SEM (they are shown only when they exceed the size of the symbol). In panels showing superimposed APs, the black traces were obtained under control conditions and in the presence of blockers, and the gray traces were recorded after the addition or subtraction of Kv3 by dynamic clamp. The dynamic-clamp current is depicted below the AP traces throughout. Statistical significance was assessed using a Student's t test for paired or unpaired samples at a given significance level ( p). The data included in this study were obtained from 32 nucleated patch recordings, partly taken from , and 37 two electrode whole-cell recordings (29 from OA interneurons and eight from pyramidal neurons).
Results

Gating model of Kv3 channels and its implementation in a dynamic-clamp system
To examine the importance of Kv3 channels for the FS phenotype in OA interneurons, we characterized the gating of these channels quantitatively. Activation and deactivation kinetics were measured under ideal voltage-clamp conditions in nucleated patches ( Fig. 1 ). The Kv3 component was isolated pharmacologically by subtracting currents in the presence of either 0.3 mM 4-AP or 0.5 or 1 mM TEA from currents under control conditions (Martina et al., 1998; . Recordings were made in both a normal (2.5 mM) and elevated (25 mM) external K ϩ concentration, to increase the precision in the measurement of deactivation kinetics. Based on these experiments, activation curves and plots of activation and deactivation time constants as a function of voltage were constructed ( Fig. 1 E,F ). In agreement with the known properties of Kv3 channels (Rudy and McBain, 2001) , the midpoint potential of the activation curve was Ϫ12.4 mV, and the relationship between time constants and voltage was bellshaped, reaching submillisecond values at negative voltages ( Fig.  1 E,F ) .
We next attempted to describe activation curves and the voltage dependence of time constants with an HH-type model in which a delay was incorporated (Fig. 2 A) . The final model, which was generated by a variation of the parameters until the best fit was obtained, described the experimental data adequately (Fig.  1 E,F, continuous curves) . The model was then implemented into a dynamic-clamp system running at a frequency of Ϸ50 kHz (Fig.  2 B ; see Materials and Methods). The time courses of the currents generated by the system in response to standard activation and deactivation pulse protocols were very similar to those measured in nucleated patches (compare Figs. 2C and 1 A,C) , validating the implementation of our Kv3 channel model.
Addition of Kv3 conductance by dynamic clamp after pharmacological block rescues the FS phenotype
To examine whether Kv3 channels were necessary for FS in OA interneurons, we sought to develop approaches complementary to the pharmacological elimination (Martina et al., 1998; . Thus, we performed a "gain of function" experiment in which an artificial Kv3 conductance was added by dynamic clamp after pharmacological block (Fig. 3) . We first examined the effects on the shape of single spikes evoked by brief current pulses. The block of Kv3 channels by either 0.3 mM 4-AP or 1 mM TEA led to a substantial broadening of the first and the 10th AP evoked by a 50 Hz train in OA interneurons. The subsequent addition of artificial Kv3 conductance by the dynamic-clamp system resulted in a rescue of AP duration (Fig. 3A) . To determine the amount of perisomatic Kv3 conductance necessary to restore the AP duration in a given OA interneuron, we varied the maximal conductance (G max ) and plotted the half-duration of the 10th AP against G max (Fig. 3B) . On average, the G max required for complete rescue, corresponding to the crossing of the fitted curve with a line representing the control half-duration, was 122 Ϯ 13 nS (n ϭ 17) (Fig. 3B) . Around the crossing point, the half-duration was relatively insensitive to the value of G max .
We subsequently examined whether the addition of artificial Kv3 conductance after pharmacological block was able to rescue the FS pattern elicited by long current pulses (Fig. 3C,D) , using a conductance G max that restored (by Ͼ95%) the half-duration of the 10th AP evoked by a brief pulse train in the same cells (Fig.  3A,B) . Adding 0.3 mM 4-AP or 1 mM TEA reduced the mean AP frequency from 41.1 Ϯ 1.5 to 26.0 Ϯ 1.2 Hz (1 sec, 0.5 nA current pulse; n ϭ 16). A subsequent addition of artificial Kv3 conductance restored the FS phenotype (Fig. 3D ). Under these conditions, the mean frequency was 43.0 Ϯ 1.4 Hz, substantially higher than in the presence of blockers alone ( p Ͻ 0.005) but not different from that under control conditions in the same cells ( p Ͼ 0.5). In conclusion, these results indicate that both the shape of a single spike and the FS phenotype during a train of spikes are rescued by the artificial Kv3 conductance.
Subtraction of Kv3 conductance mimics the effects of blockers
To obtain an alternative to the elimination of Kv3 by pharmacological methods (Martina et al., 1998; Erisir et al., 1999) , we used the dynamic-clamp technique to subtract the Kv3 conductance electrically (Fig. 4) (Sharp et al., 1993) . Subtraction of endogenous Kv3 conductance in OA interneurons led to a broadening of APs evoked by brief current pulses (Fig. 4 A) . As the amount of the subtracted conductance was increased, the half-duration of the single AP approached that observed in the presence of pharmacological blockers (Fig. 4 B) . On average, the value of G max necessary to mimic the effects of pharmacological block, corresponding to the crossing of the fitted curve with a line represent- (Fig. 2 A) . ing the half-duration in the presence of blockers, was Ϫ141 Ϯ 22 nS (n ϭ 10), similar to that required for the rescue of AP duration after block (122 Ϯ 13 nS; see above). Both values were in approximate agreement with the mean perisomatic Kv3 conductance in OA interneurons (83.1 nS). This value was estimated from the mean Kv3 conductance density in nucleated patches (27.7 Ϯ 3.0 pS m Ϫ2 ; n ϭ 32; test pulse, 70 mV; V K ϭ Ϫ95 mV), and the area of the perisomatic compartment was determined from the whole-cell capacitance (2956 Ϯ 730 m 2 with a specific membrane capacitance of 0.8 F cm Ϫ2 ). We also examined whether subtraction of endogenous Kv3 conductance altered the frequency of APs evoked by long current pulses (Fig. 4C,D) , again using a conductance G max that mimicked the effects of blockers on the half-duration of the 10th AP in the same cells. Subtraction of the Kv3 conductance led to a reduction in mean AP frequency from 43.4 Ϯ 2.2 to 28.0 Ϯ 1.5 Hz (1 sec, 0.5 nA current pulse; n ϭ 5; p Ͻ 0.05), comparable with the effects of pharmacological block (21.2 Ϯ 4.4 Hz; n ϭ 5; p Ͼ 0.1) (Fig. 4C,D) . In conclusion, subtraction of Kv3 conductance by dynamic clamp to a large extent mimics the effects of pharmacological block by 4-AP or TEA.
Kv3 is sufficient for FS in two different types of cells
The present results, in conjunction with previous data, show unequivocally that Kv3 channels are necessary for FS in interneurons. We wanted to go one step further and test whether Kv3 channels are sufficient for the generation of the FS phenotype. To examine this idea, we performed the rescue experiment in OA interneurons in the presence of saturating concentrations of K ϩ channel blockers (Fig. 5A-C) . In 5 mM 4-AP plus 20 mM TEA, which block Ͼ95% of voltage-gated K ϩ channels in OA interneurons , the AP duration was increased substantially (Fig. 5A) , and the repetitive generation of APs during long current pulses was abolished completely (Fig.  5B) . Although this combination of blockers profoundly altered the AP pattern, the subsequent addition of the artificial Kv3 conductance, using a G max that restored the half-duration of the 10th AP in the same cells, rescued the FS phenotype (Fig. 5B,C) . Thus, after complete elimination of K ϩ channels, Kv3 appears to be sufficient for the generation of the FS phenotype in OA interneurons. Surprisingly, the mean AP frequency was even higher after the addition of artificial Kv3 conductance than under control conditions in four of five cells (mean frequency, 38.6 Ϯ 2.9 vs 45 Ϯ 4.2 Hz; 1 sec, 0.5 nA current pulse; n ϭ 5).
Previous studies emphasized the importance of somatodendritic morphology in the generation of characteristic AP phenotypes (Mainen and Sejnowski, 1996) . Therefore a stringent test of the Kv3 hypothesis of FS is whether the insertion of artificial Kv3 conductance is sufficient to generate FS in neurons with non-FS patterns (e.g., in CA1 pyramidal neurons) (Fig. 5D-F ) . Addition of artificial Kv3 conductance in CA1 pyramidal neurons (100 nS) led to a slight shortening of the first AP and a pronounced shortening of the 10th AP in a 50 Hz train of spikes (Fig. 5D) . Similarly, the addition of artificial Kv3 converted the regular spiking of pyramidal neurons during long current stimuli into an FS phenotype (Fig. 5E,F ) . In CA1 pyramidal neurons, the mean AP frequency was 32.3 Ϯ 2.9 Hz after the addition of artificial Kv3 conductance, almost two times larger than that under control conditions in the same cells (19.3 Ϯ 2.1 Hz; n ϭ 8; p Ͻ 0.005). Accordingly, Kv3 channels appear to be sufficient for the FS phenotype in both OA interneurons and CA1 pyramidal cells, despite the very different morphological properties of these cells.
An intermediate deactivation rate is optimal for the FS phenotype
Among all voltage-gated K ϩ channels, Kv3 shows the fastest deactivation rate (Rudy and McBain, 2001 ). To examine quantitatively the impact of deactivation kinetics on the AP phenotype, we added artificial Kv3 channels with an altered deactivation rate (Fig. 6) . Unlike the original Kv3, which rescued the sustained AP pattern (Figs. 3C, 6B1 ), altered Kv3 with either slower or faster deactivation rates failed to restore the FS phenotype in the same cells (Fig. 6 B2,B3) . In both cases, the mean AP frequency was reduced (from 40.6 Ϯ 1 to 20.7 Ϯ 0.6 and 22.6 Ϯ 2.1 Hz, respectively; n ϭ 8; p Ͻ 0.05 in both cases), although the underlying mechanisms appeared to be different. If the deactivation rate was slowed ( f ␤ ϭ 0.2), a low-frequency regular spiking pattern emerged (Fig. 6 B2) . In contrast, if the deactivation rate was accelerated ( f ␤ ϭ 5), the AP pattern became irregular (Fig. 6 B3) , with periods of repetitive AP generation separated by silent or subthreshold oscillatory epochs (Kawaguchi, 1995) . The difference in AP pattern between the two conditions was also reflected in the distribution of ISIs, which showed a small CV for f ␤ ϭ 0.2 (0.05) (Fig. 6 B2, bottom) but a large CV for f ␤ ϭ 5 (0.42) (Fig.  6 B3, bottom) .
To determine the mechanisms underlying the difference between f ␤ ϭ 5 and f ␤ ϭ 0.2, we compared maximal rates of rise (dV/dt max ), peak AP potentials, and peak fast afterhyperpolarization (fAHP) potentials between the two conditions (Fig. 6C) . Adding artificial Kv3 conductance with accelerated deactivation ( f ␤ ϭ 5) led to a reduction in the maximal rate of rise, peak AP potential, and peak fAHP potential (Fig. 6C) . Adding artificial Kv3 conductance with slowed deactivation ( f ␤ ϭ 0.2) had opposite effects (Fig. 6C) (n ϭ 5) . Thus, the mean AP frequency appeared to be reduced by the inactivation of voltage-gated Na ϩ channels in the first case ( f ␤ ϭ 5) and an increase in the fAHP amplitude in the second case ( f ␤ ϭ 0.2).
To obtain systematic information about the relationship between the mean AP frequency and f ␤ , we varied f ␤ and stimulus intensity ( I) over a wide range ( f ␤ ϭ 0.1-10; I ϭ 0.1-0.7 nA). Figure 6 D shows the mean AP frequency during the 1 sec pulse, plotted against f ␤ and I. For a given stimulus current, the relationship did not increase monotonically but rather showed a relatively sharp maximum corresponding to f ␤ Ϸ1.2. In summary, these results indicate that the deactivation kinetics of Kv3 channels are optimized to produce FS with near-maximal AP frequency in OA interneurons.
Lowering the activation threshold converts the AP phenotype from FS to adapting
The high activation threshold is another hallmark of Kv3 channels (Rudy and McBain, 2001) . To examine the impact of this gating property on the FS phenotype, we added artificial Kv3 channels with altered V 1/2 using the dynamic-clamp system (Fig. 7) . A negative shift of V 1/2 led to a conversion from an FS to an adapting phenotype. If V 1/2 was shifted by Ϫ20 mV, the threshold for the initiation of multiple APs was increased, but the ability to generate high-frequency spike trains was preserved (Fig. 7B2) . If V 1/2 was shifted by Ϫ30 mV, even during high stimuli, only a single AP (three of seven cells) or a small number of APs (four of seven cells) were evoked (Fig.  7B3) . Figure 7C shows the mean AP frequency during the 1 sec pulse, plotted against the shift of the midpoint potential (⌬V ) and the injected current. A shift toward negative potentials changed the frequency-current curves from a hyperbolic to a sigmoidal shape, indicating that the input-output relationship of the neuron is dependent on the K ϩ channel activation curve. In conclusion, these results show that the high activation threshold of Kv3 channels facilitates FS. In contrast, an artificially generated low activation threshold confers adaptation of AP frequency during a long stimulus.
Absence of fast inactivation of Kv3 ensures constancy of AP duration, whereas presence of inactivation leads to activitydependent broadening
The absence of fast inactivation distinguishes Kv3.1 and Kv3.2, expressed in OA interneurons, from Kv3.3 and Kv3.4 (Rudy and McBain, 2001) . To examine how the absence versus the presence of inactivation influences the AP pattern, we introduced an artificial inactivation process in our dynamic-clamp system (Fig. 8) .
Original and altered Kv3 channels were equally effective in restoring the duration of the first AP evoked by high-frequency trains of stimuli. However, unlike the original Kv3 channel, the altered Kv3 channel failed to rescue the duration of the 10th AP (Fig. 8 B,C) . After the addition of the original Kv3 conductance, the ratio of half-durations of the 10th to the first AP was 1.22 Ϯ Figure 4 . Mimicry of the effects of blockers by subtraction of Kv3 conductance with dynamic clamp. A, Single APs evoked by 0.5 msec pulses in an OA interneuron (3.5 nA; 1st and 10th AP in a 50 Hz train). G max was varied from Ϫ20 to Ϫ120 nS in Ϫ20 nS steps. Note that AP broadening was induced by subtraction. For G max ϭ Ϫ120 nS, the effect of subtraction ( gray traces) mimics that of the pharmacological block of Kv3 channels (black traces, 0.3 mM 4-AP; longer AP). Note that the agreement is not perfect, which may be because of cell-to-cell variability in Kv3 channel gating or unspecific effects of the blockers. B, Half-duration of the 10th AP in a 50 Hz train after subtraction of artificial conductance by dynamic clamp, plotted against G max (n ϭ 10). The curve represents exponential function plus offset fitted to the data points. 0.03 for a 50 Hz train and 1.44 Ϯ 0.06 for a 70 Hz train, implying approximate constancy of AP duration. In contrast, after the addition of the inactivating Kv3 conductance, the spike duration ratio measured in the same cells using identical paradigms was markedly larger (1.83 Ϯ 0.10 and 2.1 Ϯ 0.1, respectively; n ϭ 4; p Ͻ 0.05) (Fig. 8C) . Thus the original Kv3 channel confers constancy to AP duration, whereas an inactivating Kv3 conductance mediates AP broadening.
Finally, we examined the impact of the absence versus the presence of inactivation on the FS phenotype. Compared with the original Kv3 channel, the inactivating channel was significantly less effective in restoring FS (Fig. 8 D,E) . After addition of the inactivating Kv3 channels, the mean AP frequency during long current pulses was 29.0 Ϯ 1.5 Hz, significantly smaller than that after the addition of the original Kv3 channels in the same cells (43.4 Ϯ 1.6 Hz; n ϭ 11; p Ͻ 0.005) (Fig. 8 E) . In conclusion, these results indicate that the absence of fast inactivation of the Kv3 channel subtypes expressed in OA interneurons is important for the FS phenotype.
Discussion
Kv3 channels are necessary, and perhaps sufficient, for the FS phenotype To examine the relationship between the AP phenotype and the functional properties of Kv3 channels, we chose the OA interneuron in the hippocampal CA1 region as a model. First, the K ϩ channels expressed in this cell type are characterized functionally and molecularly (Zhang and McBain, 1995a,b; Martina et al., 2000; . Second, the site of AP initiation and the sequence of AP propagation in this neuron are well defined (Martina et al., 2000) . Finally, the elongated shape of the soma and proximal dendrites allowed us to perform two electrode wholecell current-clamp recordings (Martina et al., 2000) , which avoids problems caused by a voltage drop across the series resistance. However, the approach reported here is versatile and can be applied to any type of cellular or subcellular element that is sufficiently large to accommodate two patch electrodes.
We used the dynamic-clamp approach, which allowed us to delete, rescue, and add altered voltage-gated conductance in a defined manner. This experimental design is much more flexible than that of pharmacological (Martina et al., 1998; Erisir et al., 1999) , antisense (Vincent et al., 2000) , and knock-out or transgenic experiments (Ho et al., 1997; Lau et al., 2000; Espinosa et al., 2001) . A potential limitation of the dynamic-clamp technique is that the artificial conductance is generated at a somatic point source. However, the validity of our approach is supported by two major arguments. First, the addition of artificial Kv3 after pharmacological block reverses the effects of the blocker, whereas subtraction mimics it. In both cases, the G max values are comparable with perisomatic conductances estimated from nucleated patch recordings. This is unlikely to occur if artificial and real channels are very far apart. Second, immunocytochemical analysis independently indicates that Kv3 channels in interneurons are located perisomatically Chow et al., 1999; Ozaita et al., 2002; Tansey et al., 2002) .
Both the rescue of the FS phenotype in OA interneurons after complete pharmacological block of voltage-gated K ϩ channels and the de novo induction of the FS phenotype in regularly spiking CA1 pyramidal neurons provide evidence that Kv3 channels are necessary for the FS phenotype and can be sufficient, at least under the conditions used here (Figs. 3, 5) . Thus, Kv3 channels appear to be the main determinant of FS. The observation that FS can be induced in both OA interneurons and CA1 pyramidal cells (Fig. 5 ) also shows that Kv3 channel expression may be a more important factor for shaping the AP phenotype than somatodendritic morphology, which is very different between the two cell types (Mainen and Sejnowski, 1996) .
Impact of individual gating properties of Kv3
The dynamic-clamp approach allowed us to examine the impact of conductance and individual gating properties of Kv3 channels, such as the deactivation rate. This is not possible in real channels because kinetic and steady-state parameters are tightly linked (Shieh et al., 1997) . The major emerging rules are as follows: (1) The deactivation rate is a major determinant of AP frequency and pattern (Fig. 6) . However, the relationship between the deactivation rate and mean AP frequency during a long current pulse is not simple. The mean AP frequency does not increase monotonically with the deactivation rate, as might be expected, but rather shows a maximal value at an intermediate rate (Fig. 6 D) . This optimum relationship appears to emerge from the interaction between Kv3 channels and the recovery of voltage-gated Na ϩ channels from inactivation. If deactivation is too fast, the AP frequency is slowed because the fAHP becomes very brief, and the recovery of Na ϩ channels from inactivation is insufficient (Kuo and Bean, 1994; Martina and Jonas, 1997; Erisir et al., 1999) . This converts the AP pattern from FS to irregular spiking. In contrast, if deactivation is too slow, AP frequency is reduced because the fAHP is prolonged, and the threshold for the next spike is reached later. This switches the AP pattern from FS to slow regular spiking. In OA interneurons, the deactivation rate producing the maximal mean firing rate is slightly higher than the natural value ( f ␤ Ϸ1.2), suggesting room for acceleration of the spiking rate.
(2) The high activation threshold also facilitates FS (Fig. 7) . If the activation curve is shifted to more negative voltages, FS is impaired and gradually replaced by adaptation. For a shift of Ϫ30 mV, only a single spike is generated during a long depolarizing current pulse (Fig. 7B3) . (3) Finally, the absence of fast inactivation facilitates FS (Fig. 8) . If inactivation is included in the Kv3 model, the AP frequency is reduced. Concomitantly marked AP broadening is induced, at least in the rather extreme form of inactivation implemented here (100% extent, slow recovery).
Physiological changes of Kv3 channel gating and explanation of natural variants of AP patterns of interneurons
The changes in Kv3 channel gating implemented in the dynamicclamp system may also occur under physiological or pathophysiological conditions, for example via regulation of Kv subunit expression (Martina et al., 1998) or through the action of neuromodulators (Levitan, 1994) . Changes in the deactivation time constant could be generated by differential expression of Kv3.1 and Kv3.2, which have deactivation rates differing by a factor of Ϸ2 (Hernández-Pineda et al., 1999) . Alterations in midpoint potential may be caused by dephosphorylation via inhibition of casein kinase activity, which shifts the activation curve of recombinant and native Kv3 channels by Ϫ20 mV (Macica and Kaczmarek, 2001 ); comparable effects on Kv4-like channels are discussed by Hoffman and Johnston (1998) . This change may be sufficient to switch an FS into an adapting phenotype. Finally, the extent and time course of inactivation could be regulated by differential expression of Kv3.1-Kv3.2 and Kv3.3-Kv3.4 (the inac- Lines connect data points for a single condition. D, A three-dimensional representation of mean AP frequency during the 1 sec pulse against f ␤ and the amplitude of the current pulse. Every line crossing represents a mean frequency value (n ϭ 3-7). Note that the maximal AP frequency is reached at f ␤ Ϸ1.2, corresponding to a deactivation rate slightly above the original value.
tivating members of the Kv3 family) (Rudy and McBain, 2001) or by changes in the intracellular redox status of interneurons (Ruppersberg et al., 1991) .
Conversely, the results of the dynamic-clamp experiments explain several naturally occurring AP patterns. Intermittent or "stuttering" firing is occasionally observed in FS GABAergic interneurons in different brain regions during low-intensity stimuli (Kawaguchi, 1995) . In addition, irregular spiking after a highfrequency burst of APs is found in VIP-positive neocortical GABAergic interneurons (Cauli et al., 1997) . Our results suggest that the expression of K ϩ channels with accelerated deactivation could generate such AP phenotypes (Fig. 6 B3) . Single spike or "damped" AP phenotypes are found abundantly in neurons of the auditory pathway (e.g., in the medial nucleus of the trapezoid body) (Brew and Forsythe, 1995; Trussell, 1997; Soares et al., 2002) . Our results suggest that the expression of K ϩ channels with a negative activation curve may generate such AP patterns (Fig. 7B3) . Consistent with this hypothesis, the block of lowthreshold K ϩ channels (presumably Kv1) by dendrotoxin abolishes adaptation (Brew and Forsythe, 1995; Wang et al., 1998; Bekkers and Delaney, 2001 ). Finally, activity-dependent AP broadening was reported in molluscan neurons (Aldrich et al., 1979; Ma and Koester, 1995; Whim and Kaczmarek, 1998) , hypophyseal nerve terminals (Jackson et al., 1991) , and hippocampal mossy fiber boutons (Geiger and Jonas, 2000) . In our experiments, AP broadening is mimicked when an artificially inactivating Kv3 channel is applied in dynamic-clamp experiments.
Our results suggest a general picture of how characteristically diverse AP patterns of central neurons are generated in the mammalian brain. Kv3-like channels with fast deactivation, high acti- C, A three-dimensional representation of mean AP frequency during the 1 sec pulse against the change in V 1/2 and the amplitude of the current pulse. Every line crossing represents a mean frequency value (n ϭ 7). Note that a shift to more negative potentials reduces the mean AP frequency by promoting adaptation. vation threshold, and lack of inactivation promote FS. In addition, both low-threshold K ϩ channels (Kv1-like) and inactivating K ϩ channels (e.g., Kv4-like) suppress FS and promote adaptation. Similarly, previous functional and molecular studies suggested that the balance between the expression of Kv3 channels and slowly activating and deactivating Kv2 channels determines the ability to discharge at high rates (Baranauskas et al., 1999) . Collectively, these results suggest that the balance between the conductance density of Kv3 channels and that of the other voltage-gated K ϩ channels (Kv1, Kv2, and Kv4) controls the firing pattern of interneurons and principal cells in the CNS.
Functional significance for synaptic inhibition and network activity Throughout the CNS, Kv3 channels are expressed not only in somata but also in presynaptic terminals (Moreno et al., 1995; Weiser et al., 1995; Rudy and McBain, 2001; Ozaita et al., 2002) . Thus, our results may have implications for the dynamics of GABA release from interneurons. Presynaptic Kv3 channels will keep the presynaptic AP brief, which may ensure a high synchrony of vesicular GABA release (Kraushaar and Jonas, 2000) . Additionally, Kv3 channels may prevent AP broadening during AP trains. This could be a key mechanism underlying releaseindependent components of paired-and multiple-pulse depression of inhibitory synaptic transmission (Kraushaar and Jonas, 2000; Maccaferri et al., 2000; Hefft et al., 2002) . Finally, axonal Kv3 channels may ensure both reliability and temporal fidelity of conduction from the initiation site to the presynaptic terminals during high-frequency trains (Debanne et al., 1997) .
The quantitative relationship between Kv3 gating and fast spiking addressed here also has implications for neuronal network function. Interneuron networks are thought to be involved in the generation of network oscillations in the gamma (30 -90 Hz) and ripple frequency range (Ͼ100 Hz) (Wang and Buzsáki, 1996; Bartos et al., 2001) . During this oscillatory activity, FS interneurons fire at frequencies of up to several hundred Hertz, with APs phase-locked to the oscillation cycles in the field potential (Ylinen et al., 1995; Jones et al., 2000) . Evidently, the expression of Kv3 channels is a key requirement for the participation of interneurons in this high-frequency activity. The important contribution of Kv3 channels to high-frequency oscillatory activity in interneurons is also supported by interneuron network simulations, which show that Kv3 deactivation kinetics has a marked influence on the frequency but not on the coherence of network oscillations (Bartos et al., 2001; P. Jonas, unpublished data) . Transgenic mice in which gating of Kv3 is modified may allow us to test this hypothesis directly in vivo.
In conclusion, our results show that Kv3 channels are necessary for FS and can even be sufficient under certain conditions. They demonstrate that fast deactivation kinetics, high activation threshold, and lack of inactivation of Kv3 are essential for highfrequency repetitive activity. Conversely, they provide direct evidence for causal links between low activation threshold and adaptation as well as between inactivation and AP broadening. Thus, our results contribute to our understanding of the complexity of AP patterns in central neurons.
